Background and objective: Enamel irradiation with an erbium,chromium:yttrium-scandium-gallium-garnet (Er,Cr:YSGG) laser has been reported to cause micromorphological alterations within resin-enamel interfaces and subsurface enamel. The present study was conducted to evaluate the effects of different output power/pulse repetition rate parameter combinations of Er,Cr:YSGG laser on the micromorphology of resin-enamel interfaces and subsurface enamel. Materials and methods: Thirty-five bovine incisors were used in the present study. Er,Cr:YSGG laser was used on enamel with different output power/pulse repetition rate parameter combinations as follows: 6 W/20 Hz, 6 W/35 Hz, 6 W/50 Hz, 3 W/20 Hz, 3 W/35 Hz, 3 W/50 Hz. Following adhesive and composite procedures, specimens were sectioned and either acid-etched with 37% phosphoric acid for 1 min or immersed in 55% nitric acid for 12 h. Then the resin-enamel interfaces were investigated by scanning electron microscopy (SEM). Results: Micromorphological findings by SEM revealed that when enamel surfaces were irradiated with all 6-W groups and 3 W/20 Hz-combinations, large resin structures indicating subsurface microcracks were generally evident within interfaces and subsurface enamel. However, when irradiated with 3 W/35 Hz and 3 W/50 Hz-combinations, the observed resin-enamel interfaces were similar to those of the acid-etched only group. Conclusion: Deploying Er,Cr:YSGG laser with lower power and high pulse repetition rate combinations may reduce damage to resin-enamel interfaces and subsurface enamel. However, assessment of the relationship between these findings and bond strength requires further study.
Introduction
Numerous kinds of lasers, including ruby (694 nm), CO 2 (9600; 10,600 nm) and Nd:YAG (1064 nm) lasers, have been employed in an attempt to replace high-speed dental burs, which are the conventional way to remove dental caries tissue and prepare dental cavities [1] . However, high energy densities are required to vaporize dental hard tissues. As a result, serious thermal side effects can occur such as melted areas and microcracks within the adjacent dental tissues, and a rise in pulpal temperature. With the introduction of the erbium laser family, consisting of erbium: yttrium-aluminum-garnet (Er:YAG) (2940 nm) and erbium,chromium:yttrium-scandium-gallium-garnet (Er,Cr:YSGG) (2780 nm) lasers, thermal damage of adjacent hard tissues was reduced [1] [2] [3] , and as a result, these lasers were approved by Food and Drug Administration (FDA). Consequently, erbium lasers are commonly used for dental hard tissue preparations including cavity preparation, caries removal and laser conditioning.
However, determination of the exact laser parameters in order to reduce peripheral thermal-mechanical damage to a minimum is especially essential for long-lasting resin composite restorations, because cavities which are prepared by erbium lasers are commonly restored with resin composite restorative materials. One possible drawback of the Er,Cr:YSGG laser and other FDA-approved dental hard tissue Er:YAG lasers is the potential for thermalmechanical damage to the surface and subsurface enamel during laser irradiation [4] [5] [6] . In previous studies, it was observed that Er,Cr:YSGG laser irradiation caused vertical and horizontal subsurface cracks and surface fissuring in the enamel, even though the laser was used according to the parameters suggested by the manufacturers [4] .
Cracks are generated both from the thermal stress caused by excessive heat deposition and from stress waves generated from ablative recoil [7] [8] [9] . It is suggested that by correctly matching laser parameters, i.e., output power and pulse repetition rate, these thermo-mechanical side effects, such as surface and subsurface cracks, can be minimized [5] . Increasing pulse repetition rate lowers the pulse energy of the emitted laser pulse, which might yield a reduction in mechanic damage from ablative recoil as the velocity of ablative recoil is related to the pulse energy [7] . On the other hand, there is some concern about the fact that a higher pulse repetition rate could result in increased thermal effects [10] . However, thermal effects can be minimized when the pulse repetition rate is adjusted in such a way that the inter-pulse period is longer than the thermal relaxation time of the tissue (for enamel 60 ps) [11] , allowing the tissue to cool down between the laser pulses [12] . Consequently for this study, a pulsed Er,Cr:YSGG laser with a pulse duration of 140 μs was used so that applying even high repetition rates such as 50 Hz could allow a long enough inter-pulse period for the thermal relaxation of irradiated enamel.
It is known that the bonding effectiveness of adhesive resin systems depends upon the substrate morphological features and alterations. Several investigations indicate that laser irradiation-induced morphological alterations within the substrate and interfaces contribute to inferior bonding effectiveness of current adhesive systems to laser-irradiated enamel and dentin [4] [5] [6] 12] . Some studies have assessed the effect of different output power and pulse repetition rate parameters of laser irradiation to obtain reliable bond strength to laser-irradiated enamel [13] and laser-irradiated dentin [14, 15] . Gonçalves et al. [13] investigated the effect of Er:YAG laser treatment with 80 mJ power associated with acid conditioning at 1-, 2-, 3-, and 4-Hz frequencies on enamel bond strengths. They found that there was no significant difference in the bond strengths of enamel when compared to acid conditioning only [13] which is in contrast to results found on dentin where the increased frequency of the Er:YAG laser decreased the composite bond strength to dentin [15] .
In another study, Aizawa et al. [14] investigated the effects of Er:YAG laser irradiation with 1.0 W output energy at 10-, 20-, and 30-Hz frequencies on dentin bonding and concluded that a higher pulse repetition rate is not effective for resin bonding to laser-irradiated dentin. However, these studies did not provide any ultra-morphological findings with regard to the tested laser parameters. The investigation of micromorphological alterations within the subsurface of enamel and resin-enamel interfaces, induced by different output power/pulse repetition rate parameter combinations of Er,Cr:YSGG laser, may provide substantial evidence about the correct laser parameters to be used for the resin bonding to enamel procedure.
However, it seems that the influence of different output power/pulse repetition rate combinations of Er,Cr:YSGG laser parameters on micromorphology of resin-enamel interface and resin-enamel bond strength has not yet been clarified. Therefore, the current study was conducted to assess the effects of different output power/pulse repetition rate parameter combinations of Er,Cr:YSGG laser on the micromorphology of the resinenamel interface and subsurface enamel by scanning electron microscopy (SEM).
Materials and methods

Specimen pre-preparation
Thirty-five bovine incisors were used in the present study. Roots were severed using a diamond disc under water at low speed. Crowns were fixed on a piece of double-faced adhesive band with the labial surfaces parallel to the floor. Then the crowns were embedded into self-curing acrylic resin using cylinder plastic molds. Enamel surfaces were flattened using wet-dry 600-grit silicon carbide abrasive papers with water to obtain standardized smear layers.
Laser device and treatments
By varying the output power, Er,Cr:YSGG laser may be used for different dental hard tissue procedures. For this, the effects of different pulse repetition rates (20, 35, 2 on the flattened surface was demarcated using a marker pen to determine the exact area to be irradiated. Then the demarcated areas on the teeth were irradiated at a 45° angle to the flattened surface in noncontact mode by hand [16] for 15 s. An endodontic file was adapted to the handpiece using a simple custom-made acrylic device to fix the working distance at 1 mm. All laser groups were treated in this manner.
After-treatment preparation
After acid etching of all enamel surfaces in each group using 37% phosphoric acid gel for 20 s (ALL-ETCH; Bisco, Inc., Schaumburg, IL, USA), enamel surfaces were dried for 20 s, then a resin adhesive (Single Bond 2; 3M   TM   ESPE   TM , St Paul, MN, USA) was applied and light cured for 20 s using a halogen lamp (Astralis 3; Ivoclar Vivadent AG, Schaan, Liechtenstein). After adhesive procedures, resin composite (Valux Plus; 3M  TM ESPE   TM , St Paul, MN, USA) build-ups were done on the surfaces in three layers up to a height of 4 mm. Each increment layer was cured for 40 s using a halogen lamp. Following the storage of all the bonded teeth in distilled water at 37°C for 24 h, resinenamel sticks with approximately 0.9 × 0.9 mm 2 dimensions were cut using a diamond saw running at 300 rpm with copious amounts of water (MICRACUT 125; Metkon, Bursa, Turkey).
In order to evaluate interfaces between resin and laser-irradiated enamel, one stick from the center of each tooth, i.e., a total of five sticks for each group, were embedded into self-curing acrylic resin using two-sided adhesive band. After this the surfaces of the sticks were polished using 1000-grit, 1500-grit and 2000-grit silicon carbide abrasive papers consequently. Then polished surfaces were etched with 37% phosphoric acid for 1 min. In order to evaluate only the resin part of resin-enamel interfaces, five additional resin-enamel sticks were selected for each group, and then immersed in 55% nitric acid for 12 h to dissolve the enamel.
Scanning electron microscopy analysis
All specimens were stored at room temperature prior to SEM evaluation. Specimens were fixed on the metal stubs using two-sided adhesive carbon bands and were sputtered with gold. SEM evaluation was operated using JSM-6400 SEM (JEOL Ltd, Tokyo, Japan) at 10 kV and at magnifications ranging from 100 × to 1500 × .
The whole cross section of the resin-enamel interface and resin parts of all specimens were observed under SEM which provided data for qualitative analysis. Photos of the most characteristic areas were taken at different magnifications throughout the examination procedure. The resulting images were assessed with regard to the integrity of resin-enamel interface, existence of different modes of subsurface cracks and their sizes.
Results
SEM examination of the resin-enamel interface cross-sections
Within the study, three types of micromorphological changes were observed within the resin-enamel interface and subsurface enamel due to laser irradiation with different power and pulse repetition rate parameters. The following observations were made: (i) large vertical cracks were presented by infiltration of adhesive resin into microcracks, which serves as an infiltration route for adhesive resin ( Figures 2-7) ; (ii) large horizontal cracks were presented by infiltration of adhesive resin into cracks which serves as an infiltration route for adhesive resin ( Figures  2-6) ; and (iii) localized melted areas.
Vertical cracks
Large vertical microcracks were not seen in the cross sections of resin-enamel specimens in the control group ( Figure 1A ), and were rarely seen in the laser group #7 with 3 W/50 Hz parameters ( Figure 7A ). In contrast, large vertical microcracks were evident without exception in all other laser groups (Figures 2A-6A ). The longest vertical cracks were approximately 80-90 μm, and they did not vary noticeably, with regard to pulse repetition rate and output power, except for group #7 (3 W/50 Hz).
Horizontal cracks
Large horizontal microcracks were not seen in cross sections of resin-enamel sticks in the control group (Figure 1 ), but were seen very rarely in the laser group #7 with 3 W/50 Hz parameter combination and in the thinner form ( Figure 7A ). Large horizontal microcracks were evident in all other laser groups (Figures 2A-6A ) without exception.
Melted areas
Melted areas were observed very rarely in the high and low power groups. However, melted areas seemed larger in the high-power-with-a-lowest-pulse-repetition-rate group (group #2).
SEM examination of resin parts of resin-enamel interfaces following enamel dissolution
It was observed that large vertical and horizontal resin tags were collapsed, and that they covered most of the corresponding resin part of enamel surfaces in group #2 with 6 W/20 Hz laser parameters ( Figure 2B ). Collapse of large resin tags was also sometimes seen in group #3 with 6 W/35 Hz laser parameters. Therefore, the dimensions of these large resinous structures could be readily observed spatially ( Figure 3B ). It seemed that the lengths of large resin tags got shorter from the center of the laser beam to outer edge. In group #4 with 6 W/50 Hz laser parameters, shorter large resin tags when compared to the former group and some collapses were observed ( Figure 4B ). In the low-power (3 W) groups, some collapsed large resinous structures could be seen in group #5 with 3 W/20 Hz laser parameters ( Figure 5B ) unlike groups #6 (3 W/35 Hz) and #7 (3 W/50 Hz) ( Figures 6B and Fig. 7B ), respectively. However, there were not any large resin tags in these groups. The surface micromorphology of the resin replicas was similar to those of the control group ( Figure 1B) . Regular resin tags were evident.
Discussion
Resin bonding to enamel bases during micromechanical mechanisms occurs due to the formation of resin tags. Resin tags are resinous accessories, which result from penetration of adhesive resin into microporosities on enamel surfaces created by 30-40% phosphoric acid etching within interprismatic areas and with subsequent polymerization within. Lengths of regular resin tags vary from 10 to 30 μm. Resin tags can be readily observed by SEM with acid-etched cross sections of resin-enamel interfaces ( Figure 1A) and dissolution of the enamel part of the resin-enamel sample by immersion in strong nitric acid for a certain duration ( Figure 1B) .
In the present study the effect of different output power/pulse repetition rate parameter combinations of the Er,Cr:YSGG laser on the micromorphology of resinenamel interfaces were evaluated by SEM compared to interfaces of resin and acid-etched enamel as a control. Results indicated that some of the laser parameter combinations yielded significantly different morphological alterations within resin-enamel interfaces, which may compromise bonding effectiveness compared with those Note that multi-layered horizontal resin structures and vertical resin structures were still evident. (C, composite; HC, horizontal crack; VC, vertical crack; E, enamel.) (B) SEM image of the resin part of interfaces left after acid dissolution of enamel. Spatial structures of resin infiltrations caused by subsurface damages could be clearly observed. Lengths of vertical resin structures within the center (circle with dotted line) of the laser pulse were higher than those on the periphery of the laser pulse. Also, note that regular resin tags (R) were seen within inter-vertical cracks area at the periphery of the laser pulse, although they could not be seen clearly at the center of the laser pulses. It is possible that horizontal resin structures covered them. (HRT, large resin structures; R, regular resin tags.) which had been prepared with abrasive papers in association with acid-etching.
These alterations within interfaces of resin laserirradiated enamel and subsurface enamel may be summarized in three distinct types as follows: (i) large vertical cracks, which were presented after infiltration of adhesive resin into these microcracks, which served as infiltration route for adhesive resin (Figures 2-7) ; (ii) large horizontal cracks, which were presented after infiltration of adhesive resin into these cracks which served as infiltration route for adhesive resin (Figures 2-6) ; and (iii) localized melted areas. Although these morphological alterations were observed in previous studies, information regarding the effect of different Er,Cr:YSGG laser parameter combinations (output power and pulse repetition rate) on micromorphology of resin-enamel interfaces is limited in the literature.
Most of previous studies on morphological alterations as a result of laser irradiation, mainly irradiated enamel surfaces, were investigated by SEM with regard to the presence of melted areas, surface microcracks (fissuring) and surface roughness [4, [17] [18] [19] [20] [21] [22] [23] [24] [25] . Although the majority of these studies confirm that laser irradiation with different output power parameters caused microcracks on the enamel surfaces, some discrepancy may be seen when reviewing the findings of these studies. Lin et al. [24] reported that Er,Cr:YSGG laser irradiation with 6 W/20 Hz parameters did not cause deleterious surface alterations on the enamel surface, whereas Cardoso et al. [4] revealed that the same laser conditions caused severe surface microcracks together with subsurface damage and melted areas on the enamel surface.
Therefore it can be claimed that studies which solely investigate the effect of laser irradiation on enamel surfaces may be incorrect and do not provide any evidence about the deleterious alterations which make up the thermo-mechanical damage with regard to the presence, location and distribution of horizontal and vertical subsurface microcracks within the subsurface enamel. Therefore, examination of cross sections of resin-interfaces by SEM may provide more meaningful evidence with regard to how different laser irradiation conditions affect resin-enamel bonding and interface morphology.
However, it seems that only a few studies in the literature [6, [26] [27] [28] have analyzed cross sections of resinlaser-irradiated enamel interfaces. Although according to the findings of two of these studies [26, 28] , Er:YAG laser irradiation with 250 mJ/4 Hz parameters [26] and 300 mJ/4 Hz parameters [28] did not result in any deleterious subsurface alteration within resin-enamel interfaces, Martínez-Insua et al. [6] reported that Er:YAG laser Apart from these conflicts, among existing findings with the Er:YAG laser, one recent paper mentioned the presence of subsurface cracks within resin-enamel interfaces as a result of Er,Cr:YSGG laser irradiation with 5.5 W/20 Hz parameters [27] . However, the present study could be the first on the effects of different Er,Cr:YSGG laser parameters on resin-enamel interface micromorphology. SEM findings addressed deleterious effects of some of tested parameter combinations of Er,Cr:YSGG laser on resinenamel adhesive joint.
The effects of different parameter combinations of Er,Cr:YSGG laser on resin-enamel interface morphology was also assessed using resin parts of interfaces which were left after strong acid dissolution of enamel by SEM. This allowed observation of the three-dimensional structure of large resin meshes present subsurface cracks ( Figures 2B-7B) . As a result, the relationship between laser irradiation with different output power/pulse repetition rate parameter combinations and the magnitude of resulting subsurface damage may be assessed qualitatively.
The specific feature of Er,Cr:YSGG laser irradiation is its high absorption in water and hydroxyapatite. When directing this mainly absorbed irradiation of pulsed lasers onto the enamel, its superficial layer can be heated up quickly, without thermal expansion [5, 29] . Stress within the irradiated volume increases until the strength of the enamel is exceeded. When the enamel breaks down, overheated water is suddenly vaporized, and the vapor removes the enamel fragments [5] . However, there are also some adverse consequences of this thermal-mechanical ablation mechanism. Stress and velocity of the ejected enamel fragments may increase when higher powers are used, thus increasing mechanical side effects. This results in surface and subsurface microcracks within the irradiated enamel, as were mentioned above [4, 6] .
Microcracks resulting from incident laser irradiation are generated both from thermal stress caused by excessive heat deposition and from stress waves from ablative recoil [7] [8] [9] . Thermal side effects are greater for higher single pulse energy and higher pulse repetition rates [9] . On the other hand, mechanical stress due to stress waves of ablative recoil is greater for higher single pulse energy and shorter pulse durations [7, 8] . Therefore, determination of the exact Er,Cr:YSGG laser parameters that decrease mechanical side effects are critical. However, this has not been sufficiently investigated as yet.
From SEM observations of the interfaces of resinenamel specimens from laser ablation groups, it was found that large vertical and horizontal subsurface microcracks were evident as a result of 6 W/20 Hz, 6 W/35 Hz, 6 W/50 Hz and 3 W/20 Hz laser parameter combinations (Figures 2-5) . Subsurface microcracks were presented as large resin structures since these cracks played a role as resin infiltration routes for adhesive resin. It was noted that these large resin structures had even collapsed in the groups of 6 W/20 Hz and 3 W/20 Hz combinations, possibly due to their deeper location and the extensive presence of horizontal cracks ( Figures 2B and 5B ). In the other groups, it was observed that the lengths of these large resin structures were varied and had become progressively shorter from the center towards the outer edge of the laser beam ( Figures 3B and 4B ). Vertical and horizontal subsurface cracks could occasionally be seen in the group of 3 W/35 Hz combination ( Figure 6A and B), but were rarely seen in the group of 3 W/50 Hz combination ( Figure 7A and B). The most similar resin-enamel interfaces to those of only acid-etched enamel (control group) were observed in the group of 3 W/50 Hz ( Figure 7A and B) . A possible explanation for this is that it is the lowest energy-perpulse group, unlike other high power groups and lowpower-with-low-pulse-repetition rate groups. There was a tendency to mechanical side effects, such as the incidence and severity of subsurface cracks, to decrease when the energy per pulse is lower.
In terms of the integrity of resin-enamel interfaces, the most perfect interfaces were seen first in the control group, and then in the 3 W/50 Hz power/pulse repetition rate combination group. Horizontal cracks located approx. 5-10 μm below the interface hinders the achievement of smooth interfaces in all groups of 6 W and 3 W/20 Hz combinations. Along with the mechanical side effects, such as subsurface microcrack propagations, thermal side effects, such as large melted areas were sometimes seen in the acid-etched resin-enamel interfaces by SEM in groups of 6 W/20 Hz, contributing to the distribution of resinenamel interface integrity. Similar melted areas were also observed by Cardoso et al. [4] who used the Er,Cr:YSGG laser with 6 W/20 Hz parameters. It seems that increasing the pulse repetition rate may lead to reduction of the thermal damage, which may occur even though there is water/air cooling.
Although, there is strong evidence that coupling erbium laser irradiation with water/air cooling significantly reduces the thermal side effects such as carbonization and melted areas, it is claimed that further studies are needed to optimize erbium laser parameters with respect to water cooling [30, 31] . With respect to different output power/pulse repetition rate parameter combinations of Er,Cr:YSGG laser, currently available knowledge about the effects of water cooling on resin bonding to laser-irradiated enamel and interface morphology seems to be inconsistent. In the present study, a ratio of 75% water/90% air cooling was set according to the laser device manufacturer [4] resulting in a water flow rate of approximately 19 ml/min [32] which was higher than the water flow rate (6.75 ml/min) for high energy level ablation (400 mJ) of enamel, independent of the pulse repetition rate, which was suggested in [1] . In another study by Armengol et al. [33] , a water flow of 1-2 ml/min was suggested for a low pulse repetition rate of 2-4 Hz and energies ranging from 150 to 250 mJ for efficient and safe dentin removal [33] . On the contrary, Visuri et al. [34] suggested a water flow rate of 4.5 ml/min for a high pulse repetition rate of 10 Hz.
However, one study indicated that the use of a high repetition rate (30 Hz) resulted in poor dentin adhesion which contradicts this study. Unfortunately details about the choice of water cooling were not given in that study [11] . Therefore, further well-designed studies are needed to optimize water cooling parameters for dentin and enamel ablation with Er,Cr:YSGG laser deployed at different output power/pulse repetition rate parameter sets in term of assessing interface morphology and bond strength testing.
Conclusion
In conclusion, all tested combinations of Er,Cr:YSGG laser parameters exceeding 100 mJ output energies resulted in significant micromorphological alterations within resin-enamel interfaces and subsurface enamel. Additionally, an understanding of the micromorphological alterations of resin-enamel interfaces after different output power/pulse repetition rate parameter combinations of Er,Cr:YSGG laser could help to find improved settings to develop the adhesion of dental restoration to laser-irradiated enamel. However, there is a need to assess the relationship between the observed micromorphological alterations with the adhesion to laserirradiated enamel. Therefore, further studies will focus on the bonding of resin composite restoratives to laserirradiated enamel.
